The oxidation and antioxidant status of serum are often determined in serum samples which have been frozen for some time. The oxidative stress process is prone to fast alterations in the sample because of the possible instability of the reactants. Here one oxidation assay (ROM) and three antioxidant assays (FRAP, TAS, and BAP) have been tested on their performance and stability at short-time storage. The most commonly used temperatures for storage and handling of serum samples (+4 and +20 ∘ C) were selected. In three short-term studies in which the storage time varied between 3 and 48 hrs the performance of these assays were tested on human serum samples. The general conclusion is that most assays performed well and gave stable results during 2 days of storage of the samples at both temperatures. Only the FRAP and TAS assays showed a small deviation at some storage conditions. In conclusion, handling of serum samples at +4 and +20 ∘ C during short-time periods did not affect the quality and performance of the oxidation and antioxidant assays during day-to-day analyses.
Introduction
In epidemiological and clinical research the stability of biomarkers in serum or plasma samples during sample preparation and after storage is of great importance. This procedure is part of the whole process of blood withdrawal, blood processing to serum or plasma, and storage of the end products [1] . The storage conditions after sample preparation must also be adequate to maintain the same outcome of the assays.
The oxidation and antioxidant status of serum can be determined by several commercially available assays. In epidemiological and also other large-scale studies the storage of serum samples during a working day in between the measurements and the day-to-day assay variation and performance are very important to obtain reliable results.
The antioxidant status can be determined by adding the contribution of several components of the antioxidant system. A faster and cheaper way for the determination of the total antioxidant capacity is to perform only one assay in which all components contribute to an integrating value [2] [3] [4] . The biomarkers of oxidative stress and antioxidant status are important to assess a physiologically altered state [5] , to detect adverse nutritional habits [6] or an increased disease state [7, 8] .
In the present study the stability and performance of a number of different commercially available assays have been tested on human serum samples which have been stored at different temperatures for a short-term period up to 2 days. These assays include an oxidative stress assay for hydroperoxides which measures the reactive oxygen metabolites (ROM), the ferric ability of plasma (FRAP), the total antioxidant status (TAS), and the biological antioxidant potential (BAP). These oxidation-related assays are suitable to measure on autoanalyzers in large-scale studies. All these assays have shown their value in several studies.
Materials and Methods

Human Volunteers.
For the 1-to-9-day stability study of the ROM and FRAP assays, four volunteers donated blood and within two hours after blood withdrawal serum samples were prepared, divided in aliquots, and stored immediately at −80 ∘ C. On days 1, 2, 3, and 9 aliquots were taken and kept at room temperature for 4 hours. Then the assay measurements were performed in duplicate. The study was conducted with written approval of the participants.
For the three hours stability study of the ROM and FRAP assays, six volunteers donated blood and within two hours after blood withdrawal serum samples were prepared. The measurements of ROM and FRAP were performed in quadruplicate, at = 0 and at = 90 and 180 min. The study was conducted with written approval of the participants.
For the 2-day stability study of the ROM, BAP, and TAS assays, serum samples of 34 human volunteers were used. At the day of blood withdrawal the serum samples were prepared within two hours and stored at −80 ∘ C. After shipment to Bilthoven on dry ice, the samples were divided in aliquots and stored at +4 ∘ C and +20 ∘ C for 24 and 48 hrs. The initial concentrations for the parameters at = 0 were determined in duplicate at the day of storage. The study was conducted with approval of the Ethics Committee of the Regional Hospital Pardubice under the supervision of MUDr. Josef Hájek C.S., with written permission of the volunteers.
Measurements of Parameters.
The parameters ROM, TAS, and BAP have been determined in serum with an autoanalyzer (LX20 Pro, Beckman-Coulter, Woerden, the Netherlands). TAS [9] was obtained from Rel Assay Diagnostics, Gaziantep, Turkey, and ROM and BAP from Diacron, Grosseto, Italy. The FRAP assay was performed as described by Benzie and Strain [10] .
At all time points the statistical difference (95% confidence interval) of the values from the initial value at = 0 was determined with a -test for two samples assuming equal variances.
In the figures the means ± standard deviations are shown, whereas at = 0 the standard deviation of the method is indicated.
Results
Short-Term Stability of the Oxidation Assay
3.1.1. The ROM Assay. In a first study the short term stability and performance of the ROM assay were investigated in serum samples which have been kept at room temperature up to 3 hrs. In this study six human samples were used and measurements were done at = 0 (10 min after defrosting) and after 90 and 180 min. The measurements were performed in quadruplicate. In Figure 1 the means ± standard deviations of the ROM assay of the six samples are shown. A slight increase in time was observed, but the increase was not statistically significant.
To test the stability and performance of the ROM assay during longer periods, the sera of 32 volunteers were defrosted and kept at two different temperatures (+4 and +20 ∘ C) for two days. The ROM assays were performed at = 0 and after 24 and 48 hrs. The results (means ± standard deviations) are shown in Figure 2 . A slight time-dependent increase to 102.8% at +4 ∘ C and a decrease to 97.3% at +20 ∘ C were observed. Both changes in time were not statistically significant. Also the difference at day 2 between the two temperatures was not statistically significant.
In large epidemiological studies, it is essential to maintain the quality and precision of the assay constant. For the ROM assay we tested whether the assay applied to human samples gives reliable results for a number of consecutive days. In this study four human serum samples were defrosted and kept at room temperature for 4 hrs. After 4 hrs the ROM assay was performed in quadruplicate. Then the samples were aliquoted and frozen again at −80 ∘ C. The measurements as performed at day 0 were repeated on days 1, 2, 3, and 9. In Figure 3 statistically significant changes were observed relative to the measurement at day 0.
Short-Term Stability of the Antioxidant Assays
The FRAP Assay.
The short term stability and performance of the FRAP assay were investigated in serum samples which have been kept at room temperature up to 3 hrs. In this study six human samples were used and measurements were done at = 0 (10 min after defrosting) and after 90 and 180 min. The measurements were done in 4-fold. The result is shown in Figure 4 . A statistically significant increase in the mean level of the FRAP assay to 102.1 and 104.4% with values < 0.0005 was observed in time, which was also due to the low standard deviation of the assay in this study.
For the FRAP assay we tested also whether the assay gives reliable results for a number of consecutive days. In this study four human serum samples were defrosted and kept at room temperature for 4 hrs. After 4 hrs the FRAP assay was performed in quadruplicate. This was repeated on days 1, 2, 3, and 9. The result is shown in Figure 5 . At all days, no statistically significant changes were observed relative to the measurement at day 0. 
The TAS Assay.
To test the stability and performance of the TAS assay during longer periods, the sera of 32 volunteers were defrosted and kept at two different temperatures for two days. The TAS assay was performed at = 0 and after 24 and 48 hrs. A decrease was observed at both temperatures as is shown in Figure 6 , to 97.2% (at +4 ∘ C) and to 93.7% (at +20 ∘ C). The means of the TAS assay at day 2 for samples stored at +20 ∘ C were statistically significantly different from the mean at day 0 with values of <0.005. Also the difference of the means of both temperatures at day 2 is both statistically and significantly different ( < 0.019). The correlation between both sets of samples at day 2, however, was still very good (0.92). This means that the rank order was not affected by the storage conditions.
The BAP Assay.
The stability and performance of the BAP assay was tested also during longer periods at = 0 and after 24 and 48 hrs. As shown in Figure 7 a small increase was observed to 104.8% (at +4 ∘ C) and to 103.7% (at +20 ∘ C). But all changes were not statistically significantly different from each other. Also no statistically significant differences were observed for the means at the two temperatures at the same day.
Discussion
The oxidation and total antioxidant status of serum can be determined by several commercially available assays. Here the stability of the oxidation assay ROM and of 3 antioxidant assays, FRAP, TAS, and BAP, was tested in human serum samples after short-term storage at two temperatures (4 and 20 ∘ C). The general conclusion is that all assays gave good and similar results using human serum samples stored at all conditions tested.
The ROM assay showed no statistically significant increase or decrease during all the studies. Even up to 2 days no decrease could be observed when stored at +20 ∘ C.
The FRAP assay showed in one study a statistically significant increase in the mean value during storage for 3 hrs at room temperature. But this was not observed during a 4-day study in which the samples were kept at room temperature for 4 hrs. The statistically significant increase is probably due to the low standard deviations in first study.
The TAS assay showed a small, but statistically significant, decrease during 2 days of storage at room temperature. The rank order, between the two sets of samples, however, was not affected, which means that statistical analyses can still be performed on these data.
The BAP assay showed a small, but not statistically significant, increase of the mean value during 2 days of storage at room temperature.
The short-term stability of the various assays tested in this study is rather good when applied to human serum samples. This is an important observation for laboratories who are involved in large-scale biomarker measurements. The handling of many samples requires a certain processing time with an unavoidable storage time at +4 or +20 ∘ C. It is somewhat surprising to see that especially the ROM assay, representing a biomarker for oxidative stress, is most stable during these short-term storage experiments. Full automation makes this assay very suitable for large-scale epidemiological studies [8] .
Although all three antioxidant assays did perform well to determine the total antioxidant status in serum [11] , the BAP assay was most stable in our hands and can be automated in addition. The antioxidant assays FRAP and TAS are somewhat more sensitive for storage at room temperature under certain conditions.
In conclusion, all assays performed well and gave stable results during 2 days of storage at +4 or +20 ∘ C. Therefore handling of serum samples at +4 or +20 ∘ C during a period of about 4 hours is allowed to maintain the quality and performance of the assays. But if possible storage at +4 instead of +20 ∘ C is advisable to maintain a proper assay outcome during the day-to-day analyses of large-scale biomarker studies.
In the literature, not many reports on the storage stability of total antioxidant assays can be found. There are only a few reports about the stability of the individual antioxidants present in serum or plasma [12, 13] , but not at short-term storage. Therefore the present study gives valuable information on the short-term stability of a number of oxidation-related assays.
